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E-mail address: gillespi@udel.edu (J.W. Gillespie JrFinite element modeling of the impact of ﬂexible woven fabrics using a yarn level architecture allows the
capturing of complex projectile-fabric and yarn–yarn level interactions, however it requires very large
computational resources. This paper presents a multiscale modeling technique to simulate the impact
of ﬂexible woven fabrics. This technique involves modeling the fabric using a yarn level architecture
around the impact region and a homogenized or membrane type architecture at far ﬁeld regions. The
level of modeling resolution decreases with distance away from the impact zone. This results in a ﬁnite
element model with much lower computational requirements. The yarns are modeled using both solid
and shell ﬁnite elements. Impedances are matched across all interfaces created between the various
regions of the model to prevent artiﬁcial reﬂections of the longitudinal strain waves. A systematic
approach is presented to determine geometric and material parameters of the homogenized zone. The
multiscale model is extensively validated against baseline models. The limitations of using shell elements
to model the yarn level architecture underneath the projectile are addressed.
 2010 Elsevier Ltd. All rights reserved.1. Introduction
High stiffness and high strength materials such as Kevlar,
Zylon, Vectran, and S-2 glass are typically used in protective
systems that require penetration resistance against incident high
energy projectiles. The high strength to weight ratio of these mate-
rials makes them desirable in applications such as protective cloth-
ing for personnel extremity protection, spall liners in infantry
vehicles, lining for turbine fragment containment, and as structural
reinforcement materials. Modeling the impact response of fabrics
woven from continuous ﬁlament yarns is challenging because of
their intricate multi-hierarchical fabric-yarn-ﬁlament type archi-
tectures and complex material behavior. Some of the analytical,
numerical, and experimental approaches that describe the impact
response of these fabrics are outlined in the comprehensive review
articles by Cheeseman and Bogetti (2003) and Tabiei and Nilakan-
tan (2008). Of these approaches, the ﬁnite element method has
been commonly used to study the fabric response using different
modeling techniques. Single-scale modeling techniques include
representing the entire fabric as homogenized membranes (Limll rights reserved.
ite Materials, University of
+1 302 8318525.
.).et al., 2003; Ivanov and Tabiei, 2004; Shahkarami and Vaziri,
2007; Grujicic et al., 2010), explicitly capturing yarn level architec-
ture (Gu, 2003; Duan et al., 2006a; Zheng et al., 2006; Grujicic et al.,
2008a), and capturing ﬁlament level architecture (Wang and Sun,
2000; Wang et al., 2006).
Due to the computational efﬁciency, the use of homogenized
membranes allows one to model multi-layer fabrics of realistic
in-plane dimensions. However, many important and complex
interactions that govern the impact and penetration of a fabric can-
not be studied with this approach since the entire fabric architec-
ture has been homogenized without explicitly accounting for the
yarn-level architecture. As a consequence many of the important
projectile-yarn and yarn–yarn interactions such as yarn transverse
compression and shearing, yarn frictional sliding, yarn decrimping,
and yarn reorientation cannot be modeled accurately with homog-
enized membranes. More importantly, it is not possible to accu-
rately model or track the deformation and failure of individual
yarns at the impact region. It is these yarns at the impact region
that experience the greatest extents of deformations and interac-
tions and consequently govern the outcome of the impact event.
For example it was shown that for low yarn–yarn frictional coefﬁ-
cients (Grujicic et al., 2009, 2010) as well as fabrics held on two
sides (Grujicic et al., 2008b), the projectile was easily able to push
aside some yarns without breaking them at the impact region as it
Nomenclature
q mass density
E Young’s modulus
c longitudinal strain wave velocity
A entity cross sectional area
Z total acoustic impedance
s yarn span
t thickness
W width
L length
Subscripts
xx longitudinal/warp yarn direction
yy transverse/thickness direction
zz longitudinal/ﬁll yarn direction
xy out-of-plane direction
yz out-of-plane direction
zx in-plane direction
L local region
G global region
w warp yarn
f ﬁll yarn
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by a model that accounted for the yarn architecture, however the
homogenized membrane fabric model could not account for this
pushing aside of the yarns (also referred to as projectile wedge-
through effect) leading to large errors in predictions of the homog-
enized membrane models (Grujicic et al., 2008b, 2009, 2010) com-
pared to the yarn-level fabric models in terms of the projectile
velocity and energy transformation histories.
These limitations of using homogenized membranes to model a
fabric can be overcome by using 3D solid elements to accurately
model the yarns throughout each layer of woven fabric. However
such an approach is associated with large computational require-
ments in terms of both processing power and memory require-
ments because of the large number of degrees of freedom of the
model and number of computations to process each element. This
limits the size of the fabric model that can be simulated within
available computational infrastructure, within a reasonable
amount of time, and without instabilities in the numerical code
used for the simulation. Consequently the simulation of multi-
layer fabric panels (e.g. 10–20 layers of 25.4 cm  25.4 cm) com-
monly used during testing is not feasible. Typical problems re-
ported in the literature have been limited to single layers of
fabric of small in-plane dimensions (Duan et al., 2005, 2006a;
Zheng et al., 2006; Grujicic et al., 2008a, 2010). In our study, solid
element modeling of woven yarns is considered as the baseline
solution for assessing the effectiveness of other approaches.
An alternate approach is to use woven shell elements of con-
stant element thicknesses to model the woven yarns (Blankenhorn
et al., 2003; Barauskas, 2007; Barauskas and Abraitiene, 2007; Yen
et al., 2008) to increase computational efﬁciency compared to solu-
tions using solid elements. This approach is effective in regions
away from the impact site that are tension dominated. This ap-
proach is not accurate for regions where transverse compression,
shear, and friction between tows are important (e.g. at the impact
site and throughout the fabric where yarn decrimping, pullout, and
reorientation occurs). This is because shell elements cannot handle
thickness changes or yarn cross-sectional shape changes. This in
turn affects the estimation of normal contact forces between two
yarns which in turn affects the mechanisms of frictional sliding
interactions. Frictional sliding interactions have been shown to
have an important effect on the fabric energy dissipating capabili-
ties (Briscoe and Motamedi, 1992; Duan et al., 2005, 2006b; Zheng
et al., 2006). Furthermore, it has been shown that these shell ele-
ments are not able to discretize the yarn cross-sectional shape
accurately and this results in errors in wave speed that lead to fur-
ther errors in the development of yarn stresses and energy dissipa-
tions (Nilakantan et al., 2010). This speciﬁc problem has been
solved with the use of multiple shell elements with variable nodalthicknesses that can model the yarn cross-sectional area accurately
(Nilakantan et al., 2010).
To provide an acceptable balance between accuracy and the size
of the problem that can be modeled multi-scale modeling tech-
niques are being developed. In our previous paper (Nilakantan
et al., 2010), we recognized the need to use 3D solid elements to
accurately model woven yarns at the impact site and to transition
to more computationally efﬁcient woven shell elements with var-
iable nodal thicknesses. In this study we found that impedance
matching between the elements must be enforced to avoid artiﬁ-
cial stress-wave reﬂections that can induce premature yarn fail-
ures. The use of woven 3D solid elements that are impedance
matched to woven 2D shell elements of variable nodal thicknesses
currently provides the best combination of accuracy and efﬁciency.
This approach was referred to as single scale Hybrid Element Anal-
ysis since a yarn level of architecture was used in the model. We
describe the Hybrid Element Analysis approach as ‘the ﬁnite ele-
ment analysis of a structure by combining different ﬁnite element for-
mulations at both a single and multiple scales of modeling’
(Nilakantan et al., 2010). For brevity, we refer to this approach as
the Hybrid Element Analysis (HEA).
However the single scale HEA approach (Nilakantan et al., 2010)
still requires the woven yarn architecture in each layer to be mod-
eled and this still limits the size of the problems that can be stud-
ied. In the present study, we extend our previous work to include
homogenized membranes (i.e. woven 3D solid elements at the im-
pact region to woven 2D shell elements with variable nodal thick-
nesses in the surrounding region to a homogenous 2D membranes
at remote regions of the fabric) to study the impact response of
ﬂexible textile fabrics. This approach will combine the computa-
tional efﬁciency of using homogenized membrane modeling ap-
proaches with the accuracy of using yarn level modeling
approaches mentioned above. Some of the initial attempts at such
a multiscale modeling approach are described in Barauskas (2007),
Barauskas and Abraitiene (2007) and Rao et al. (2007). However, in
these approaches, impedances were not matched across the model
interfaces leading to erroneous reﬂections of longitudinal wave
which affected the accuracy of predictions. Further the estimation
of the material properties of the homogenized membrane region
were based on a trial-and-error approach by calibrating the multi-
scale model against experimental or baseline numerical results,
which is not an efﬁcient approach. Further the multiscale model
was comprised of yarns discretized using shell elements at the im-
pact site (Barauskas, 2007; Barauskas and Abraitiene, 2007), which
for reasons mentioned earlier is inadequate to capture all the
mechanisms and interactions. These limitations were addressed
in the multiscale modeling approaches of Nilakantan et al.
(2008a,b).
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and efﬁciency of our multi-scale modeling approach. It is impor-
tant to point out that in this multi-scale modeling approach we
are only considering homogenizations at the yarn and fabric level,
while sub-yarn phenomena associated with ﬁlament level and
molecular level architectures are beyond the scope of this paper.
The principle behind our multi-scale modeling approach is to de-
crease the level of modeling resolution with distance away from
the impact zone. This is because the level of interactions between
the projectile and fabric, and between yarns within the fabric, de-
crease with distance away from the impact zone. Thus the choice
of element needs to be made by carefully balancing the computa-
tional requirements with the accuracy of predictions according to
the physics of the impact problem. Impedance matching between
the woven shell elements of variable nodal thicknesses and the
homogenized membrane is considered and provides a method for
deriving the effective material properties of the membrane. Vari-
ous geometric patterns of regions comprising different element
formulations are considered.2. Hybrid element analysis applied to a plain weave fabric
Plain weave fabrics are comprised of undulating warp and ﬁll
yarns that are oriented perpendicular to each other. Fig. 1 displays
the cross sectional micrograph of a Kevlar S706 fabric, which is a
plain weave fabric of areal density 180 g/m2 with 34 Kevlar KM2
600 denier yarns per inch in the warp and ﬁll directions. The yarn
geometrical parameters are assigned as follows: span of 0.747 mm,
width of 0.536 mm, and thickness of 0.115 mm. Fig. 2 displays the
corresponding baseline ﬁnite element (FE) model of the fabric
micrograph shown in Fig. 1. Here baseline refers to the use of ex-
plicit yarn level architecture meshed using solid or hexahedral ele-
ments. The undulating centerline of the warp (ﬁll) yarn controls
the cross sectional shape of the ﬁll (warp) yarn. Fig. 3a displays
an equivalent uncrimped yarn modeled using the HEA approach.
The yarn consists of separate regions modeled using solid elements
and shell elements. The solid and shell elements are coupled to
each other using tied interfaces with matching impedances on both
sides to prevent any artiﬁcial longitudinal strain wave reﬂections
at the interface (Nilakantan et al., 2010). Fig. 3b illustrates the cross
section of the shell element region of a HEA yarn. Non-uniform no-
dal thicknesses (t1–t4) are assigned to the six shell elements across
the width such that the yarn cross sectional shape follows that of
Fig. 1. This is an improvement over the earlier used approaches
(Blankenhorn et al., 2003; Barauskas and Abraitiene, 2007; Yen
et al., 2008) to model yarns using shell elements where thickness
jumps were present between adjacent shell elements across the
yarn width.
Fig. 4 illustrates the various regions of a typical multi-scale HEA
model. Due to symmetry only one quarter has been modeled. The
level of modeling resolution can be observed to decrease with dis-
tance away from the impact zone. The ‘local’ region consists of wo-
ven yarns modeled using solid elements (R1) at the impact zone
which then transition to woven shell elements (R2) as describedFig. 1. Micrograph of ain Nilakantan et al. (2010). The ﬁrst interface or local–local inter-
face (i1) is created where the solid elements meet the shell
elements.
For this new work, the local region transitions at far ﬁeld loca-
tions into the ‘global’ region (R3) which consists of a homogenized
membrane type region modeled using non-woven shell elements.
The second interface or local–global interface (i2) is created where
the woven shell elements of the local region meet the non-woven
shell elements of the global region. Procedures for impedance
matching across both interfaces to ensure no artiﬁcial reﬂections
of the longitudinal wave occur that could otherwise cause a stress
build up in the local region causing premature element failure are
derived below.
Consider the impact of a projectile at the center of a rectangular
plain weave fabric patch gripped on all four sides shown in Fig. 5.
The fabric can be subdivided into four regions (I–IV) based on the
level of projectile-fabric and yarn–yarn interactions and deforma-
tions as: high (I), moderate (II), low (III), and minimal (IV). The
other labels with regard to Fig. 5 are as follows: outwardly propa-
gating longitudinal strain wave along the warp yarn direction (LX)
and ﬁll yarn direction (LZ), wave front of the outwardly propagating
transverse displacement wave (T), direction of decreasing tensile
yarn strain of the warp yarns (d1) and ﬁll yarns (d2). The actual size
of each region will depend on the projectile characteristics such as
size and velocity, and the fabric characteristics such as architec-
ture, geometry, and material and the time scale of interest. For
example, during a penetrating impact case the time scales of inter-
est are small and region IV of minimal interaction becomes larger
while region I becomes smaller with increasing projectile veloci-
ties. This is because the projectile may penetrate through the fabric
before the longitudinal or transverse waves reach the far ﬁeld re-
gions of the model, consequently region IV may see little to no
interactions. For non-penetrating simulations, the time scales of
interest increase and regions I–III become large while region IV be-
comes smaller. This is because the longitudinal or transverse
waves have more time to reach the far ﬁeld regions of the fabric.
Fig. 6 displays four of the many possible models using the HEA
approach. Fig. 6a displays a single-scale HEA model with explicit
yarn architecture used everywhere (Nilakantan et al., 2010). Wo-
ven solid elements have been used around the impact zone and
woven shell elements have been used everywhere else. Fig. 6b dis-
plays a multi-scale ‘Central-Patch’ HEA model where the local yarn
architecture is conﬁned to a central rectangular patch and a mem-
brane-type homogenization is used at far ﬁeld regions. Fig. 6c dis-
plays a multi-scale ‘Center-Cross’ HEA model where the local yarn
architecture is conﬁned to a central cross that extends all the
way to the fabric boundaries, and a membrane-type homogeniza-
tion is used everywhere else. Fig. 6d displays a multi-scale ‘Cen-
ter-Strip’ HEA model where the local yarn architecture is conﬁned
to a rectangular strip at the center of the fabric and extends be-
tween two opposite fabric boundaries. The HEA approach always
ensures that the propagation of the longitudinal strain wave and
transverse displacement wave across the solid-shell yarn interface
(i.e. interface #1 in Fig. 4) is unaffected (Nilakantan et al., 2010). In
order to ensure this also occurs at the shell-shell interface betweenKevlar S706 fabric.
Fig. 2. Equivalent FE model of the micrograph.
Fig. 3. (a) HEA yarn model using shells and solids and (b) cross section of the HEA shell yarn (Nilakantan et al., 2010).
Fig. 4. Setup of a fabric model using a multi scale HEA approach (P) projectile (R1) local region yarns – solid elements (R2) local region yarns – shell elements (R3) global
region – shell elements (i1) interface #1: local–local (i2) interface #2: local–global.
Fig. 5. Schematic of the various regions of a fabric during impact (labels described in the text).
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rical and material parameters for the global region must be prop-erly determined and this is discussed in the next section. The
accuracy and computational efﬁciencies of the various HEA
Fig. 6. Possible HEA conﬁgurations (a) single scale (Nilakantan et al., 2010), (b) multi-scale ‘Central-Patch’, (c) multi-scale ‘Center-Cross’ and (d) multi-scale ‘Center-Strip’.
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ated using yarns discretized with solid elements (baseline model).3. Estimation of global region parameters
So far the procedure to model a fabric entirely at the yarn level
has been well developed in the literature (Gu, 2003; Duan et al.,
2006a; Zheng et al., 2006). However, the procedure to model the
homogenized fabric at the global level or far ﬁeld region is not well
developed. Some multi-scale approaches such as those by Baraus-
kas (2007), Barauskas and Abraitiene (2007) and Rao et al. (2007),
rely on selecting material properties based on a trial-and-error ap-
proach for estimating the global region parameters until numerical
results converge with experimental or numerical baseline data.
However, this reduces the efﬁciency of the approach since the
model is not predictive in nature. This section outlines a consistent
approach used to estimate some of the global region geometric and
material parameters. The two main conditions to satisfy while
modeling the global region are (a) maintain the same areal density
in the global region or conservation of fabric mass (b) match
impedance across the local–global interface. This will ensure
momentum transfer and the longitudinal strain wave propagation
across interface #2 and into the global region is unaffected. If the
impedance is not matched, there will be reﬂections of the longitu-
dinal wave at the local–global interface causing premature yarn
failure due to stress buildup within the local region or at the lo-
cal–global interface.
The material parameters that need to be determined for the glo-
bal region depend on the type of material model chosen. If the
warp and ﬁll yarns of the fabric possess the same cross section,crimp, and material properties, then the global region will have
similar material properties along the two in-plane directions. For
the fabric used in this study, an elastic orthotropic material model
is chosen for the global region. The important parameters that
need to be determined are the two in-plane (longitudinal) moduli
ExxG and EzzG. Referring to Fig. 7, the overall size of the fabric is
given by the length (LG) and width (WG). The fabric thickness (tG)
is deﬁned in a self-consistent manner based on the region. In the
local region, tow cross-sections are modeled explicitly with solid
elements. In the woven shell region, the yarn cross section is mod-
eled using a series of variable thickness shells. The thickness of the
global region (homogenous membrane) is set as the total thickness
of the fabric yarns at the cross over points. This choice seems to
make the most sense, however it is also possible to choose an arbi-
trary thickness for the global region and accordingly change the
global material properties to ensure impedance matching across
interface #2, as is outlined below.
A key decision is to select the HEA conﬁguration (see Fig. 6) and
the ratios of (LG/LL) and (WG/WL) that determine the size of each re-
gion. Generally it is sufﬁcient that both in-plane dimensions of the
local region of woven solid elements be at least two to three times
that of the projectile’s diameter (or width) or multiple unit cells in
the case of coarse fabrics and small diameter projectiles. The size of
the woven shells of variable thickness depends on the impact
velocity as discussed above. As described from Fig. 5, the size of
the global region can be made larger with respect to the local
region for higher impact velocities cases since the fabric deforma-
tions and interactions are usually contained to only a small region
around the impact zone. At non-penetrating velocities, the time of
interaction is increased and the size of the woven shell regions
should increase (i.e. decrease in size of global region). In these
Fig. 7. Schematic of the HEA model.
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ter-Cross or Center-Strip HEA conﬁgurations are suitable based on
the fabric aspect ratio.
The material density of the global region can be determined
from the requirement of conservation of mass,
qG ¼
areal density
tG
; ð1Þ
where areal density refers to the mass of the fabric per unit area.
This ensures that the area occupied by the homogenized global re-
gion will have the same mass as if that same area had been occu-
pied by the actual yarn architecture of the fabric. Obviously, the
density of the global region will be smaller than that of the yarn be-
cause of the homogenized architecture that includes the fabric
porosity. The Poisson ratios of the global region are assumed to be
zero, similar to the values used for the yarn material in the local re-
gion (Duan et al., 2006a).
The velocities of the longitudinal strain waves that propagate in
the global region along the warp and ﬁll directions are, respec-
tively, given by
cxxG ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ExxG
qG
s
; ð2aÞ
czzG ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
EzzG
qG
s
: ð2bÞ
Here the quantities ExxG and EzzG need to be determined.
In a similar manner, the velocities of the longitudinal strain
waves that propagate in the warp and ﬁll yarns of the local region
are, respectively, given by
cw ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ExxL
qw
s
; ð3aÞ
cf ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
EzzL
qf
s
: ð3bÞ
The total acoustic impedance is given by
Z ¼ qcA: ð4Þ
Then the second condition of impedance matching requires that the
total impedance of all the woven shell element yarns of the local
region located at interface #2 be equal to the total impedance ofall the homogenous membrane elements of the global region also
located at interface #2, i.e. (ZL = ZG).
Consider the warp direction. From Eqs. (2a), (3a) and (4), and
the impedance matching requirementﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ExxGqG
p
AxxG ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ExxLqw
p
AxxL: ð5Þ
Referring to Fig. 7, the cross sectional area of the global region per-
pendicular to the warp direction at interface #2 is given by
AxxG ¼ tGWL: ð6Þ
Substituting Eq. (6) in Eq. (5), we obtain the ﬁrst expression for the
global region longitudinal modulus in the warp direction, given by
ExxG ¼ ExxLqwA
2
xxL
qGt
2
GW
2
L
: ð7Þ
In a similar manner for the ﬁll direction, one arrives at the following
expression for global region longitudinal modulus in the ﬁll
direction.
EzzG ¼
EzzLqf A
2
zzL
qGt
2
GL
2
L
: ð8Þ
Next we need to determine the quantities AxxL and AzzL. The total
cross-sectional area of the local region is given by the product of the
number of yarns present at interface #2 and the cross-sectional area
of each yarn. The number of warp (ﬁll) yarns present at interface #2
is obtained by dividing the width (length) of the local region by the
span of the warp (ﬁll) yarns. Thus the total cross-sectional area of
the warp and ﬁll yarns of the local region at interface #2 are, respec-
tively, given by
AxxL ¼WLsw Aw; ð9aÞ
AzzL ¼ LLsf Af ; ð9bÞ
where sw and sf are the respective spans of the warp and ﬁll yarns.
Substituting Eq. (9a) in Eq. (7) we obtain the ﬁnal expression for the
global region longitudinal modulus in the warp direction
ExxG ¼ ExxLqwA
2
w
qGt
2
Gs2w
: ð10Þ
Similarly, substituting Eq. (9b) in Eq. (8) we obtain the ﬁnal expres-
sion for the global region longitudinal modulus in the ﬁll direction
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EzzLqf A
2
f
qGt
2
Gs
2
f
: ð11Þ
The parameters calculated by using this self-consistent approach
prevent the need to run multiple time consuming simulations while
trying to ﬁt the global region parameters of EG, qG, and tG to match
baseline numerical or experimental observations.4. Results and discussion
Three multi-scale HEA models shown in Fig. 8 are set up to
compare results against the baseline numerical model (woven
3D solids) and the single-scale HEA model (woven 3D solids to
woven 2D shells of variable nodal thicknesses) outlined in Nila-
kantan et al. (2010). Both non-penetrating or low velocity impact
as well as penetrating or high velocity impact cases will be
investigated using the dynamic FE code LS-DYNA. Consider the
case of a 0.63 g rigid spherical projectile of diameter 5.55 mm
impacting a 101.6 mm  50.8 mm balanced plain weave fabric
at the center. The projectile moves along the y-direction normal
to the fabric and is modeled using shell elements. The impact
velocity chosen for the non-penetrating case is 40 m/s, while
for the penetrating case, impact velocities of 100 m/s and
200 m/s are chosen. The fabric is gripped on all four sides byFig. 8. In-plane dimensions of the various regions of the multi-scale HEA models. (a) Centconstraining all degrees of freedom of the peripheral nodes.
Due to symmetry, only one quarter of the fabric has been mod-
eled. A single surface contact algorithm (LS-DYNA contact type 26
(Hallquist et al., 2006)) is used to prevent interpenetrations be-
tween the warp and ﬁll yarns. An elastic orthotropic material
model (LS-DYNA Mat 2 (Hallquist et al., 2006)) is used for the
yarns. Table 1 lists the geometric and material properties of
these yarns. Yarn failure is incorporated using an element ero-
sion technique with a maximum principal stress criterion. Similar
to Nilakantan et al. (2010), all results are reported with respect
to the quarter symmetric model. Thus to get the total internal,
kinetic, and frictional sliding energies of the fabric, the reported
results should be multiplied by a factor of four, however results
such as projectile velocity and projectile-to-fabric contact force
remain unaffected.
Fig. 8 displays the in-plane dimensions of the local and global
regions of the HEA models. Table 2 lists the ratios of the area of
the local to global region, local region to total fabric area, and solid
local to shell local area. The thickness of the global region (tG) for
all HEA models is 0.23 mm which is the same as the actual fabric
thickness at the cross over locations. An elastic orthotropic mate-
rial model is used for the global region. The global region material
parameters are determined using the approach outlined in an ear-
lier section using Eqs. (1), (10) and (11). Table 1 also lists the geo-
metric and material properties used in the HEA models. Theral Patch. (b) Center Cross. (c) Center Strip. Note: dimensions are not drawn to scale.
Table 1
Material properties of the local and global regions.
Warp yarns Fill yarns
Local region – Yarn architecture with solids and shells
Aw 0.049 mm2 Af 0.049 mm2
sw 0.747 mm sf 0.747 mm
qw 1.310 g/cm3 qf 1.310 g/cm3
ExxL 62,000 MPa EzzL 62,000 MPa
EyyL 620 MPa ExxL 620 MPa
EzzL 620 MPa EyyL 620 MPa
G 3280 MPa G 3280 MPa
m 0.000 – m 0.000 –
rfailure 3400 MPa rfailure 3400 MPa
Global region – homogenized architecture with shells
tG 0.230 mm qG 0.7450 g/cm3
Warp direction Fill direction
ExxG 9008 MPa EzzG 9008 MPa
Maximum principal stress failure criterion, rfailure
Single scale HEA 3300 MPa Center Cross 3325 MPa
Central Patch 3450 MPa Center Strip 3500 MPa
Table 2
Ratio of areas of the hea models.
HEA Multi-scale model Local area
Global area
Local area
Fabric area
Solid local area
Shell local area
Central patch 0.37 0.27 0.07
Center cross 0.63 0.39 0.12
Center strip 0.42 0.29 0.16
G. Nilakantan et al. / International Journal of Solids and Structures 47 (2010) 2300–2315 2307material properties of the local region remain the same as those
used for the baseline model. Tied interfaces are used to couple
the solid elements and the shell elements at interface #1 (LS-DYNA
keyword *CONSTRAINED_SHELL_TO_SOLID (Hallquist et al., 2006)),
and the local region shell elements of the yarns and the global
region shell elements of the far ﬁeld homogenized region at inter-
face #2 (LS-DYNA keyword*CONSTRAINED_TIE-BREAK (Hallquist
et al., 2006)). A special in-house preprocessor DYNAFAB is used to
automatically create the FE mesh of the baseline model, while
DYNA-HEA is used to automatically create the FE mesh and all
interface deﬁnitions of the HEA model (Nilakantan et al., 2008a).4.1. Non-penetrating low velocity impact case
Fig. 9 compares the contours of vertical displacement between
the baseline case, the single-scale HEA model, and the three mul-
ti-scale HEA models, as seen from the top view, for the 40 m/s
non-penetrating impact velocity case. There is a very good agree-
ment in contour shapes while the transverse displacement wave
is within the local region, such as in the 50 ls time instant. During
this time the longitudinal strain wave has already made seven
reﬂections off the longer boundary and 3.5 reﬂections off the short-
er boundary. With each reﬂection, the longitudinal wave passes
twice through the local–local and local–global interfaces. Without
impedance matched interfaces, there would have been spurious
interfacial reﬂections and a stress buildup in the yarns within the
local region. As the transverse displacement wave enters the global
region, the contour shapes of the HEA models begin to slightly
deviate from that of the baseline, such as at the 150 ls time in-
stant. The sides of the base of the transverse displacement pyramid
are no longer straight and show small degrees of concavity or con-
vexity, due to homogenized architecture of the global region that
does not provide for yarn sliding. The effects of yarn sliding in
the far ﬁeld regions of the baseline model is mimicked by in-plane
shearing of the shell elements in the homogenized region of the
HEAmodel. However, the overall shape still shows good agreementwith the baseline case. Similar to the faster moving longitudinal
wave, the slower moving transverse wave also reﬂects off the ﬁxed
boundaries.
Fig. 10 compares the time history results of all cases. The pro-
jectile is completely arrested by the fabric and then begins to re-
bound at around 200 ls. The HEA models begin to show a
slightly more compliant response after around 100 ls, when the
transverse wave enters the global region. This is evident from the
both the projectile velocity history in Fig. 10a and fabric dynamic
deﬂection underneath the projectile in Fig. 10b wherein for the
baseline case the projectile is arrested slightly earlier with slightly
lesser deﬂection compared to the HEA models. Fig. 10c compares
the fabric internal energy which is the elastic strain energy stored
due to tensile yarn elongation. Fig. 10d compares the projectile to
fabric contact force which is indicative of the membrane tension
developed in the plane of the fabric. Overall there is a very good
agreement between the baseline model and the four HEA models.4.2. Penetrating high velocity impact case
Fig. 11 compares the contours of vertical displacement for the
100 m/s penetrating impact velocity case. The deformation proﬁle
is pyramidal in nature and this agrees with the well established
experimental observations (Wilde et al., 1973; Tan and Ching,
2006) of high speed impact of plain weave fabrics. Again there is
a very good agreement between the deformation proﬁles of all
cases while the transverse displacement wave is within the local
region and before the ﬁrst instant of yarn failure around 50 ls.
Once the transverse wave starts to propagate in the global region,
we observe similar concavity and convexity in the sides of the base
of the deformation pyramid as seen in the non-penetrating impact
case. Fig. 12 compares the time history results of the baseline and
HEA models for the 100 m/s impact velocity case. The HEA predic-
tions of the projectile velocity and fabric internal energy responses
compare very well against the baseline predictions, especially prior
to failure as seen in Fig. 12a and b. Fig. 12c compares the total slid-
ing energy which is the energy dissipated by both projectile-yarn
and yarn–yarn sliding interactions. Since, the fabric is gripped on
all four sides, the sliding energy remains small until the projectile
begins to penetrate through the fabric. After complete penetration,
the fabric begins to elastically recover or spring back towards its
initial shape which causes the sliding energy to rapidly increase.
With the exception of the Center-Strip HEA model, there is an
excellent agreement between the HEA models and the baseline.
Fig. 9. Comparison of deformation proﬁles for the 40 m/s impact velocity case at the time instants of (a) 50 ls, (b) 100 ls, (c) 150 ls and (d) 200 ls (Row 1 L-R: Baseline, HEA
Single Scale, HEA Center Cross) (Row 2 L-R: HEA Central Patch, HEA Center Strip).
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gion compared to the local region, a homogenized architecture is
sufﬁcient at the far ﬁeld regions, as previously discussed using
Fig. 5. Fig. 13d compares the projectile to fabric contact force for
all cases. There is a good agreement between the baseline and
HEA models except in the Central-Patch HEA model where the
peak contact force starts to drop around 39 ls corresponding tothe premature initiation of failure of the principal yarns. However,
these yarns do not completely fail immediately resulting in the
contact force leveling off until its ﬁnal decline around 60 ls.
Fig. 13 compares a few results between the baseline and HEA
models for the 200 m/s penetrating impact velocity case. This
penetrating impact case corresponds to a shorter time scale of
interest wherein the transverse wave does not reach the global
Fig. 10. Comparison between baseline and HEA models for impact velocity of 40 m/s (a) projectile velocity, (b) fabric dynamic deﬂection, (c) internal energy and (d) contact
force.
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ric. There is an excellent agreement between the projectile velocity
and fabric internal energy history for all cases prior to the initiation
of failure at around 20 ls. We also observe that the entire velocity
and fabric internal energy response of the Center-Strip HEA model
closely follows that of the baseline for the 200 m/s impact velocity
case. Once again the results are relatively insensitive to the HEA
conﬁguration chosen for the analysis of fabric penetration.
4.3. Savings in computational expense
Fig. 14 compares the computational expense for both the non-
penetrating and penetrating impact velocity cases. This consists
of both the total run time as well as the memory requirements of
all models, which have been normalized against the baseline re-
sults. The labels in Fig. 14 are as follows: (B) Baseline, (SS) single-
scale HEA, (CP) multi-scale Central-Patch HEA, (CC) multi-scale
Center-Cross HEA, (CS) multi-scale Center-Strip HEA. The simula-
tions are run using LSDYNA SMP Version 971 on a 64-bit Dell Pre-
cision 690 Workstation with four Intel Xeon 3.00 GHz processors
and 16 GB of available RAM. The Center-Cross HEA approach was
about ﬁve to six times faster than the baseline. The Central-Patch
HEA model was more .than four times faster than the baseline.
The Center-Strip HEA model was the most computationally expen-
sive multi-scale HEA model of the three, but still was almost three
times faster as the baseline. These savings are not just reﬂected in
the run times but also in the memory requirements of each model
as seen in Fig. 14, where the HEA models require the least amount
of memory. This is realized due to the inclusion of the global region
where contact algorithms between two entities i.e. yarns are notneeded since the entire global region is essentially one entity. Also
the elements of the global region are much larger in size and fewer
in number than those used in the local region. The savings in mem-
ory is also an important consideration for the following reason. Dy-
namic ﬁnite element codes such as LS-DYNA perform the
initialization stage of the simulation on a single processor before
redistributing the computations to multiple processors across
many nodes in a high performance cluster. In standard high perfor-
mance clusters, the memory available per node is often in the
range of 2–8 GB. Thus if the simulation requires more memory
than that available per node during initialization, even if multiple
nodes are called upon to run the simulation, it will not even initial-
ize. This is regardless of whether the processor in a node belongs to
a high performance cluster where the sum total of the memory
across all nodes is more than that required by the simulation. This
problem is easily circumvented in systems that use memory which
is globally shared by all processors, but these systems are limited
in their scalability and tend to be more expensive than a high per-
formance cluster of an equivalent conﬁguration. Further, commer-
cial ﬁnite element codes often have a limit to the amount of
accessible or addressable memory regardless of the actual memory
available in the hardware conﬁguration, and these codes tend to
become unstable when the model contains enormous number of
degrees of freedom. Thus it is important to keep both the memory
requirements as well as run times low.
The HEA approach has led to a large savings in computational
expense while still reproducing the system response of the base-
line simulations. While comparing the savings in run time between
the HEA models, it is important to keep in mind that they each
have different areas for each region as shown in Table 2. The
Fig. 11. Comparison of deformation proﬁles for the 100 m/s impact velocity case at the time instants of (a) 15 ls, (b) 25 ls, (c) 40 ls, (d) 55 ls and (e) 60 ls (Row 1 L-R:
Baseline, HEA Single Scale, HEA Center Cross) ( Row 2 L-R: HEA Central Patch, HEA Center Strip).
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preliminary results and can be further increased in a number of
ways. One such way would be to maximize the amount of global
region in the model and within the global region, to progressively
coarsen the mesh away from interface #2. The choice of contact
algorithm and ﬁnite element formulation also affects the run
times. For example, a signiﬁcant savings in expense were realized
by switching the shell element formulation from a fully integrated
shell element (LS-DYNA Type 16 (Hallquist et al., 2006)) to the Bely-
tschko-Tsay shell (LS-DYNA Type 2 (Hallquist et al., 2006)). These
savings can be observed by comparing the run times from Fig. 14
with those reported in Nilakantan et al. (2008a). The savings in
computational expense based on the choice of contact algorithm
used between the warp and ﬁll yarns in the baseline model can
be observed from Nilakantan et al. (2010). The more robust the
contact algorithm, the higher the memory and processing power
requirements. Since any penetration between yarns will lead to
erroneous results, it is important to carefully choose a contact algo-
rithm that balances desired accuracy with available computational
requirements. Fig. 15 displays the percentage utilization of the
central processing unit (CPU) of the computer with respect to the
run times reported in Fig. 14. As can be seen, the contact algo-
rithms account for a large percentage of the CPU utilization. By
incorporating a global region into the model where a contact algo-
rithm is not required since the global region is essentially a single
entity, there is a drastic reduction in the computational require-ments of the model, both in terms of element processing and con-
tact algorithms. The type of elements used to discretize the entities
between which the contact algorithms are used also makes a dif-
ference. As seen from Fig. 15, the percentage CPU utilization of
the contact algorithms compared to the element processing for
the single-scale HEA model is far less than the baseline model be-
cause a vast majority of the contact pairs were deﬁned between
two shell elements in spite of both models using a yarn level of
architecture everywhere.
4.4. Modeling a fabric entirely of the individual hea model components
In the previous section, the HEA models have been shown to
accurately predict the impact response of the fabric for both short
and long time scales, but at a much reduced computational ex-
pense compared to the baseline woven 3D solid model. However,
for the sake of completeness, it is also important to quantify the
improvement in accuracy achieved by the HEA approach. To this
end, we reconsider the non-penetrating impact case of 40 m/s
and the penetrating impact case of 100 m/s. All geometric and
material properties will remain the same as those used previously
in this study. Our baseline remains the fabric modeled entirely
using yarn level architecture with solid elements. The second mod-
el uses the woven shell elements of constant thickness to model
the entire fabric (see Fig. 16a) commonly used in the literature
(Blankenhorn et al., 2003; Yen et al., 2008). For brevity we will
Fig. 11 (continued)
Fig. 12. Comparison between baseline and HEA models for impact velocity of 100 m/s (a) projectile velocity, (b) internal energy and (c) sliding energy and (d) contact force.
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Fig. 13. Comparison between baseline and HEA models for impact velocity of 200 m/s: (a) projectile velocity history and (b) internal energy history.
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elements of variable thickness throughout the fabric (see Fig. 16b),
which we will refer to as our ‘new’ method. The last model uses the
homogenized membrane using shell elements with equivalent
thickness and effective properties described above (see Fig. 16c).
To account for the lost mass due to the thickness jumps across
the yarn width in the old shell yarn model, the material density
and longitudinal modulus have been adjusted by equal factors so
that the areal density of the fabric model matches the baseline
and the longitudinal wave speed remains unaffected according to
Eq. (3). Fig. 17a compares the baseline projectile velocity history
response with the three shell element based fabric models for
the non-penetrating impact velocity case of 40 m/s. As can be seen,
none of the three models provides an accurate response over the
entire time history although the time instants at which the projec-
tile is stopped for the cases of the new shell yarn model and the
homogenized shell region model agree to some extent with thebaseline. The homogenized shell model initially displays a stiffer
response which becomes more compliant with time, eventually
crossing the projectile velocity response of the baseline. The old
shell yarn model compares the worst against the baseline and is
overly compliant. However our new shell yarn model with the
non-uniform nodal thicknesses provides a much better comparison
with the baseline. Fig. 17b compares the results for the penetrating
impact velocity of 100 m/s (recall that our HEA results in Fig. 12a
are in excellent correlation to the baseline). For this higher impact
velocity, the time scales of interest are smaller and the impact re-
gion is a region of higher interactions and transverse yarn com-
pressions. Neither of the three shell based models predict the
longitudinal tensile stresses correctly leading to delayed failure
in the new shell yarn model and no failure in the other two models.
The homogenized shell region model is overly stiff and displays the
worst comparison against the baseline. These two impact cases
clearly demonstrate the large errors in predictions when using
Fig. 16. Setup of the shell based fabric models: (a) old shell yarns, (b) new shell
yarns and (c) homogenized shell region.
Fig. 14. Simulation memory requirements and run times.
Fig. 15. Breakup of CPU utilization.
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architecture or a homogenized architecture. These errors are due
to limitations of the shell elements as discussed earlier. This brings
into question the accuracy of the aforementioned models from the
literature that is based on using shell elements to model the fabric
underneath the projectile. While it is possible to calibrate the
material properties of the shell elements to match the baseline
predictions, the model then loses its predictive capability and this
becomes an extremely inefﬁcient approach. By simply introducing
yarns discretized using solid elements at the impact region, the
accuracy of predictions drastically improves, as can be seen from
Figs. 10, 12, and 13. This validates the rationale of decreasing the
level of modeling resolution with distance away from the impact
region, which is the basis of the HEA method. Another important
ﬁnding from these simulations is that our newmethod of modeling
shell element yarns performs signiﬁcantly better than the old
method from the literature that does not model the cross sectioncorrectly and loses mass at the thickness jumps between adjacent
shell elements.5. Conclusions
The Hybrid Element Analysis was extended from the single-
scale HEA in our previous work (Nilakantan et al., 2010) to a mul-
ti-scale approach with the inclusion of the homogenized or global
region. The HEA approach incorporated using different ﬁnite ele-
ment formulations (2D and 3D) at both single (only yarn) and mul-
tiple (yarn to fabric) scales of fabric modeling. A consistent
approach to determine the global region material parameters
was presented. Impedances were matched across the local solid
to local shell interface and local–global interface to prevent inter-
facial reﬂections of the longitudinal strain wave. The HEA approach
was extensively validated by comparing results against a baseline
fabric model that comprised of a yarn level architecture modeled
using solid elements, for both low velocity non-penetrating and
high velocity penetrating impact scenarios. This encompassed both
short and large time scales of interest wherein the transverse
displacement wave did not reach the fabric boundaries before
projectile penetration, and reached and reﬂected off the fabric
boundaries, respectively. Apart from the projectile velocity history,
other parameters such as fabric internal energy, fabric frictional
Fig. 17. Comparison between the baseline and shell based fabric model for an
impact velocity of (a) 40 m/s, and (b) 100 m/s.
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compared to the baseline to demonstrate the accuracy of the HEA
approach. Through the HEA approach, a large savings in computa-
tional expense, in terms of both processing power and memory
requirements was realized while still accurately capturing the im-
pact response of the baseline fabric model. Through this novel ap-
proach, it is envisioned that realistic dimensions of multi-layer
fabric panels could be accurately simulated within the framework
of currently available computational resources while still consider-
ing all of the complex interactions and deformations associated
with the impact of ﬂexible fabrics.
The limitations and associated errors in predicted results when
using shell elements to model the fabric at the impact region and
underneath the projectile were demonstrated. The HEA method
incorporated the use of shell element based yarns with non-uni-
form nodal thicknesses that accurately represented the elliptical
cross sectional shape of the actual yarns. These shell yarns were
shown to provide a far more accurate response than the shell ele-
ment based yarns from the literature that used uniform element
thicknesses across the yarn width. The basis of the HEA approach
which is to reduce the level of modeling resolution with distance
away from the impact region was also validated by modeling thefabric entirely from the individual components of the HEA model
and comparing them against the baseline model.
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